The freshwater amphipod Gammarus pulex is widely distributed in freshwater streams and rivers of Europe. This amphipod also has isolated hypogean populations, which are transparent in appearance, suggestive of adaptation to their cave environment. Since cave habitats are often food limited, physiological adaptations have been observed that reduce the energy expenditure of cave organisms. Osmoregulation is an energetically expensive mechanism that allows gammarids to survive in fresh water. This study tested the hypothesis that differences in osmoregulation existed between hypogean and epigean populations of G. pulex. The osmoregulatory parameters measured were haemolymph cation concentrations, water and sodium fluxes and gill Na + /K + -ATPase activity. The hypogean G. pulex had significantly lower haemolymph sodium and potassium concentrations, but had a significantly higher haemolymph ammonium concentration than the epigean G. pulex. The low food availability in the hypogean environment was considered to be the underlying cause for these differences in haemolymph ion concentrations.
INTRODUCTION
Water bodies within underground cave environments are often associated with low oxygen and food availability, which leads to low species diversity and abundance (Malard and Hervant, 1999; Holsinger, 1988; Culver, 1985) . Whilst cave environments tend to be relatively stable (lack of light, comparatively stable temperature), large fluctuations in the physico-chemical parameters have been reported (Culver et al., 1995) . This may for example arise due to rapid ingress of freshwater during a flood. Hence the combination of restricted food availability and physico-chemical factors ensures that organisms which inhabit such environments may have specialised morphological, physiological and/or behavioural adaptations.
Gammarid amphipods are common components of freshwater ecosystems. Since many species are omnivorous they have the capacity to take advantage of a variety of food sources likely to be found in caves. Populations of the freshwater amphipod Gammarus minus Say, 1818 have been found to occur in both surface environments (epigean) and isolated subterranean environments (hypogean). Comparison of the morphological characteristics revealed marked differences between the two groups, which were considered to be evolutionary adaptations to their contrasting environments (Culver et al., 1995) . The morphological characters of hypogean G. minus that differ from epigean populations include: 1) reduction in the size of the eyes; 2) increase in length of the antennae; 3) increase in overall body length; 4) increase in apparent fragility due to lengthening of pereiopods and uropods; and 5) change in colour from brown to blue or white (Hüppop, 1985; Culver et al., 1995) . The small eye of hypogean G. minus relates to changes in the central nervous system with marked reduction in the size of the optic lobe (Culver et al., 1995) . As a result, hypogean G. minus were less photoresponsive reflecting a morphological adaptation of living in an environment devoid of light (Vawter et al., 1987) . In contrast, the olfactory lobe of hypogean G. minus was reported to be on average 25% larger than that of the epigean population (Culver et al., 1995) . Since one main function of the olfactory lobe is chemosensory activity, an increased sensitivity to chemosensory stimuli would be of great advantage to animals living in complete darkness. In addition, hypogean G. minus have enlarged antennae, with the first antenna 25% to 45% larger than that of the epigean G. minus (Holsinger and Culver, 1970) . The antennae have chemosensory and tactile functions, both of which are likely to be enhanced in the longer antennae observed in hypogean G. minus. Similar adaptive changes are likely to have occurred in isolated cave populations of Gammarus pulex (Linnaeus, 1758) .
In surface water environments, the brown colouration of epigean gammarids is an adaptation to their benthic existence, providing camouflage for the animal against the brown substratum. This improves their ability to avoid detection from prowling predators, which use visual awareness to track down their prey. In a cave environment, however, colour has no importance. Consequently, lack of body pigmentation will not confer a selective disadvantage and may even cause a reduction in the overall metabolic cost via a cessation of pigment synthesis. The hypogean G. JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 332-338, 2011 pulex populations from the Speedwell cavern system in this study had an absence of body pigment, which is typical of cave adaptation.
Due to the lack of light in caves, most if not all autotrophic production is absent. Consequently cave waters are often characterised by very low levels of food. Therefore, the ability to withstand such low levels of food is crucial to the survival of cave species. Two main mechanisms have been highlighted in the hypogean peracarid crustaceans Stenasellus virei Dollfus, 1897 [Isopoda] , Niphargus virei Chevreux, 1896, and N. rhenorhodanensis (Schellenberg, 1897) [Amphipoda] (see Hervant, 1996; Malard and Hervant, 1999) . These include increased levels of energy storage during times of food abundance and metabolic adjustments stimulated by food limitations. Such strategies would allow a hypogean organism to withstand long periods of starvation. For example, the hypogean invertebrates S. virei, N. virei, and N. rhenorhodanensis can survive for longer than a year without feeding (Gibert and Mathieu, 1980) . Differences in the behavioural responses of hypogean and epigean crustaceans have been found to occur with respect to starvation. The epigean Asellus aquaticus (Linnaeus, 1758) and Gammarus fossarum Koch, 1835 responded to food deprivation with marked increases in locomotory activity, presumably in an attempt to locate suitable food items (Hervant et al., 1997b) . In contrast, the hypogean species S. virei, N. virei, and N. rhenorhodanensis lessen their energy expenditure by reducing both movement and ventilation during long term starvation. This is referred to as a 'sit and wait' strategy, conserving energy until food becomes available (Hervant et al., 1997a, b) . This strategy has also been linked with waters of severe hypoxia (Danielopol et al., 1992 (Danielopol et al., , 1994 Hervant et al., 1997a, b) .
Osmoregulation is an energetically expensive mechanism that allows gammarids to survive in dilute environments. The main site of active ion uptake in G. pulex is the gills. Here, basolaterally located Na + /K + -ATPase, along with apical proton pumps, increase the driving force for entry of sodium through apical sodium channels (Péqueux, 1995; Brooks and Lloyd Mills, 2003) . Previous studies have shown that G. pulex is highly adapted to freshwater. It has a lower haemolymph sodium concentration, markedly hypotonic urine, reduced sodium influx, and a lower gill Na + /K + -ATPase activity than other gammarids capable of living in brackish water (Brooks and Lloyd Mills 2006; Brooks et al., 2008; Lockwood, 1961; Sutcliffe, 1971) . Even so, the osmoregulatory activity of G. pulex is substantial, being around 11% of total energy expenditure (Sutcliffe, 1984) . Therefore, any adaptation to reduce the energetic cost of osmoregulation in the hypogean low energy environment would be an advantage. To date, the osmoregulation of cave dwelling organisms has received very little attention. In the current literature, to the authors' knowledge, only investigations on calcium regulation in hypogean organisms have been reported (Culver et al., 1995) . The aim of this study was to compare osmoregulation in two hypogean populations of G. pulex with an epigean G. pulex population located upstream of the cave system, in order to determine whether hypogean G. pulex exhibit differences that may be of adaptive significance. The parameters investigated were haemolymph ion concentrations, water permeability and sodium influx.
MATERIAL AND METHODS

Animal Collection and Acclimation
Hypogean G. pulex were collected from two separate locations within the Peak cavern percolated system in the Peak District, UK (O.S. Grid reference SK139 827). The Peak cavern was developed at least one million years ago and extends approximately 20 km long and 290 m deep (Waltham et al., 1997) . The two hypogean populations include the 'Peak cave' and 'Speedwell cave'. The water source for the Peak cave is largely by autogenic recharge (water that has only had contact with limestone bedrock and overlying soil) from rainwater. In contrast, the Speedwell cave is largely fed by allogenic recharge (water that originates on nonlimestone) from nearby streams (Wood et al., 2002) . The River Wye population were collected upstream of the Peak cavern water system (Ordnance Survey grid reference, SK164 732).
Animals from all locations were collected in August 2002 and brought back to the laboratory within an hour of collection in sealed 5 L plastic containers filled with the native water. The physicochemical conditions of the habitat water at the time of collection are shown (Table 1 ). In the laboratory, animals were acclimated to dechlorinated freshwater of the same temperature as the cave water (8 6 0.5uC). Animals were acclimated without food for 5 days prior to testing. All experiments were conducted within a week of collection and at a temperature of 8 6 0.5uC.
Haemolymph Cation Concentration
Haemolymph cation concentrations were determined by ion chromatography using the same method as previously described (Brooks and Lloyd Mills, 2003, 2006) . Haemolymph was collected from animals and immediately placed under mineral oil in separate watch glasses. In all samples it was necessary to pool haemolymph from more than one individual. A 1 mL volume of each of the samples was diluted 100 fold with deionised water and stored at 280uC until required for analysis. Once thawed, a 30 mL sub-sample was further diluted 100 fold with deionised water and placed in individual poly vials (Dionex) with filter caps. Samples were run through both a CS12 cation exchange column (Dionex) and data analysed with Dionex computer software (Dionex AI-450). Haemolymph cation concentrations were calculated from the appropriate cation calibration curves.
Water Permeability
Water permeability was measured using the outflux technique with tritiated water (THO, Lockwood et al., 1973) . Animals were loaded to equilibrium after 2 h in acclimation media containing 1.85 MBq/mL THO. Animals were rinsed twice with unlabelled acclimation media and placed in individual containers with 10 mL unlabelled acclimation medium to unload. Duplicate 50 mL aliquots of the unloading medium were sampled at periodic intervals over the first 20 minutes and again at 2 h. Each aliquot was added to a scintillation vial containing 4 mL of Ultima Gold scintillation fluid (Packard Biosciences). Radioactivity was measured over 5 min with a Tri-Carb 2100TR liquid scintillation counter (Packard). Semi log plots of THO loss rate over time were used to determine the half time of exchange of THO, t 1/2 (Lockwood et al., 1973) . Animals were transferred from their acclimation media to a sealed glass vessel containing 50 mL of 11 mM Na spiked with 0.925 MBq/ mL 22 Na for 30 min. The Na uptake mechanism in G. pulex is known to be saturated at 11 mM (Sutcliffe and Shaw, 1967) . For gammarids, 30 min is sufficient time for measurements of Na uptake to occur without significant changes in sodium influx rate (Brooks et al., 2008; Dawson, 1982) . After the 30 min loading period, animals were rinsed thoroughly and placed in individual vials with 1 mL of acclimation solution and counted for 60 sec on a gamma counter (Miniaxi autogamma 500 series, Packard). The specific activity of the loading solution and the wet weight of the animals were determined. Sodium influx rates were expressed as mmoles Na + / 100 mg wet weight/ h.
The Na + /K + -ATPase activity in the gills of G. pulex has been previously characterised with respect to the ion and cofactor requirements (Brooks and Lloyd Mills, 2006) . Gill Na + /K + -ATPase activity was determined using the method previously described (Brooks and Lloyd Mills, 2003, 2006) . In brief, 30 mL samples of enzyme extract were placed in 2 mL microcentrifuge tubes containing 500 mL of either incubation media A (optimum media: 100 mM NaCl, 15 mM KCl, 10 mM MgCl 2 , 100 mM hepes, pH 7.2) or B (optimum media + 10 mM ouabain, a specific Na
. The mixtures were vortexed and incubated at 4uC for 15 min before adding 5 mM ATP. The mixtures were vortexed again and incubated at 37uC for 20 min. The reaction was stopped with 1 mL Bonting's reagent (560 mM H 2 SO 4 , 8.1 mM ammonium molybdate, 176 mM FeSO 4 ). Then absorption was measured after 20 min at 700 nm using a Cecil CE1011 spectrophotometer. Na 
Statistical Analysis
Differences between groups were compared with a one-way ANOVA and Tukey post hoc test, with level of significance at 5% (Statistica). Prior to testing, the homogeneity of variances was checked using the Levene's test. Where necessary variables were log transformed to obtain homogeneity. Where this was not possible, Kruskal-Wallis non-parametric analysis was used.
RESULTS
Haemolymph Ion Concentrations
The differences in haemolymph ion concentrations between the River Wye population and two entirely isolated hypogean cave populations of G. pulex after fresh water acclimation can be seen in Fig. 1 . Significant differences in haemolymph sodium concentration were found between the River Wye population and both Speedwell Cave and Peak Cave populations of G. pulex (ANOVA, Tukey P , 0.05, Fig. 1a) . The haemolymph sodium concentrations of the Speedwell cave and Peak cave populations were only 61% and 80% of the River Wye population respectively. In addition, the haemolymph sodium concentration of the Speedwell cave population was significantly lower than that of the Peak cave population (ANOVA, Tukey P , 0.05).
Haemolymph potassium concentration (Fig. 1b) for the three populations of G. pulex exhibited a similar trend to that previously described for sodium. Haemolymph potassium concentrations of the Speedwell cave and Peak Cave were 56% and 78% of the River Wye population respectively. However, despite this, a significant difference was found only between the River Wye and Speedwell Cave populations (ANOVA, Tukey P , 0.05). The haemolymph magnesium concentration in the Speedwell Cave population was found to be significantly different from the Peak Cave population (Kruskal-Wallis, P , 0.05, Fig. 1c) . However, no significant difference in haemolymph magnesium concentration was found between the River Wye and the two cave populations. Whilst both Speedwell Cave and Peak Cave populations were found to have apparently lower haemolymph calcium concentrations than the River Wye population (Fig. 1d) , there were no statistically significantly differences between the groups. Ammonium was not detected in the haemolymph of the River Wye population (Fig. 1e) . In contrast, ammonium was present in the haemolymph of both Speedwell Cave and Peak Cave G. pulex populations.
Water Permeability and Sodium Flux
There was no significant difference between the half time of exchange of tritiated water (t 1/2 ) between the three populations of G. pulex (Fig. 2) . For sodium influx, there was a tendency for cave populations to have a higher rate than the River Wye population, however measurements were not significantly different between the three populations (Fig. 3) . Comparison of the gill Na + /K + -ATPase activity in all three populations of G. pulex, revealed marked differences between the River Wye and the two cave populations (Fig. 4) . However, due to large variations within groups no significant differences between the populations were found.
DISCUSSION
Differences in some haemolymph cation concentrations were detected between the epigean and the two hypogean populations of G. pulex. The haemolymph sodium concentrations for both hypogean populations of G. pulex were significantly lower than that found in the epigean population. Similar differences in haemolymph potassium and calcium (although not significant) concentration were also observed. A lower haemolymph sodium concentration exhibited by the hypogean amphipods may be an adaptation to the cave environment. Cave waters are often characterised as oxygen and food limiting environments, where animals are frequently exposed to periods of severe hypoxia (Malard and Hervant, 1999) and food deprivation (Culver et al., 1995) . Hypogean organisms have been found to survive long periods of such conditions by altering their physiological energy budgets. For example, levels of enzymatic activity in hypogean species (S. virei, N. virei, and N. rhenorhodanensis) were 1.2 to 8.6 times lower than in epigean species for the main key regulatory enzymes involved in the Krebs cycle and glycolysis (Hervant, 1996) . If hypogean populations of G. pulex could also reduce their energy expenditure it would be advantageous in a food and oxygen limiting environment.
Sodium is an important ion, comprising the majority of the haemolymph cation concentration in many crustaceans including G. pulex. The maintenance of a constant 2 . * significant difference from River Wye population, { significant difference from all populations (ANOVA, Tukey, P , 0.05). w significant difference from Speedwell cave population (Kruskal-Wallis, P , 0.05).
haemolymph sodium concentration through active osmoregulatory mechanisms is an energy demanding process, which in G. pulex has been estimated to be as much as 11% of the animals daily energy budget (Sutcliffe, 1984) . Reducing the ionic gradient between the external medium and the internal body fluids could potentially reduce this energy demand, which would have clear benefits for animals inhabiting oligotrophic waters. Therefore, the reduction in haemolymph sodium concentration in G. pulex may be an adaptive strategy by the gammarid to life in an oxygen and food deficient environment.
A reduction in haemolymph sodium could be caused by a fall in sodium influx and/or an increase in sodium efflux. Since the hypogean G. pulex populations are food limited, an increased duration of starvation in these two populations may be partly responsible for the lower haemolymph ion concentrations, when compared to epigean populations. Starvation has been implicated in the reduction of haemolymph ion concentrations in a number of crustaceans, including; Daphnia, Branchipus (Krogh, 1939) , Parry, 1961), and Corophium (McLusky, 1970) . The lower haemolymph ion concentrations in these animals were partly attributed to the reduction in ions obtained from food (Sutcliffe, 1971) . In addition, significantly faster rates of sodium uptake were found in fed rather than starved Aëdes larvae (Stobbart, 1960) . Gill Na + /K + -ATPase activity is one of the main drivers of sodium uptake in gammarids (Brooks and Lloyd Mills, 2006) . The significant reduction in haemolymph sodium concentration in hypogean populations of G. pulex actually increased gill Na + /K + -ATPase activity. This arises as haemolymph sodium concentrations above 100 mM start to inhibit this enzyme in G. pulex (Brooks and Lloyd Mills, 2006) . However, neither sodium influx, nor gill Na + /K + -ATPase was significantly different between the three G. pulex populations, despite increases in these parameters being observed in the hypogean populations. Thus a reduction in sodium influx rate does not underlie the drop in haemolymph sodium concentrations in hypogean G. pulex.
A rise in sodium efflux could occur via an increase in urinary flow rate, a rise in urine sodium concentration, or an increase in sodium efflux across the body surface. The urinary flow rate of gammarids is greater in more dilute media (Werntz, 1963) . However, all 3 populations of G. pulex were acclimated to the same Nottingham tap water. Also, since the t 1/2 of hypogean G. pulex did not alter it is unlikely that the urinary flow rate increased. Indeed, since the haemolymph sodium concentration is reduced, osmotic water inflow will be less. Hence the urine output needed to void excess water is actually likely to fall in hypogean G. pulex.
Antennal gland Na + /K + -ATPase reclaims sodium from the urine. Since antennal gland Na + /K + -ATPase is located in the basolateral membranes of Crustacea (Freire et al., 2008) , this suggests that its activity will be affected by haemolymph sodium concentration (Brooks and Lloyd Mills, 2006) . It is conceivable that antennal gland Na + /K + -ATPase has a different optimal sodium concentration to that of gill Na + /K + -ATPase. If the fall in haemolymph sodium concentration observed in hypogean G. pulex actually reduced the activity of antennal gland Na + /K + -ATPase, the urinary losses of sodium would rise. This Fig. 2 . Half time of exchange of body water (t 1/2 ) in an epigean and two hypogean populations of G. pulex (mean 6 SE, n 5 5). No significant differences between the groups (ANOVA, Tukey, P . 0.05). Fig. 3 . Sodium influx in an epigean and two hypogean populations of G. pulex (mean 6 SE, n 5 5). No significant differences between the groups (Kruskal-Wallis, P . 0.05). theoretical possibility is in contrast to the situation with gill Na + /K + -ATPase activity (Brooks and Lloyd Mills, 2006 ) and needs to be considered in relation to the other roles of antennal gland Na + /K + -ATPase, such as reabsorptive uptake of sugars and amino acids (Sarver et al., 1994) . It has been estimated that 40-80% of the antennal gland Na + / K + -ATPase in the crayfish Procambarus clarkii (Girard, 1852) is primarily involved in these other functions (Sarver et al., 1994) . A reduction in antennal gland Na + /K + -ATPase activity would lead to a rise in the intracellular sodium concentration, thereby reducing the concentration gradient for sodium entry, which in turn would lead to a fall in reuptake of sugars, amino acids and sodium from the urine. The energetic cost of the subsequent increase in urinary losses of amino acids and sugars is likely to outweigh the presumed energetic benefit of a reduced haemolymph sodium concentration in G. pulex.
The reduction of the haemolymph sodium concentration in the two hypogean populations may be simply due to an increase in the haemolymph volume. Changes in haemolymph volume with starvation have been reported in the isopod Porcellio scaber Latreille, 1804 (Lavy et al., 1997) and the crab Scylla serrata (Forskål, 1775) (Subhasini and Ravindranath, 1982) . In gammarids, Lockwood and Inman (1973) found that the haemolymph volume of starved Gammarus duebeni Liljeborg, 1852 increased from 30% to 46% of wet weight in 4 weeks. These authors attributed this to a real change in haemolymph volume and not an apparent change due to the loss of body weight from starvation. Similar increases in haemolymph volume are likely in G. pulex as its haemolymph volume is similar to G. duebeni (Lockwood and Inman, 1973) . A larger haemolymph volume will in turn require a higher sodium influx rate to maintain the sodium concentration. Where an increase in sodium influx does not occur, or is insufficient to compensate, the haemolymph sodium concentration will decline to a level that can be maintained. No significant difference in sodium influx was found between the 3 populations of G. pulex. Hence as the volume of the haemolymph increases in hypogean populations, its sodium concentration will fall. This does not require an increase in sodium efflux as if total body sodium remains constant, an increase in haemolymph volume would tend to reduce the haemolymph sodium concentration. A similar mechanism could account for the fall in haemolymph potassium and calcium concentrations observed in hypogean G. pulex.
The haemolymph magnesium concentration of both the Speedwell and Peak Cave populations were not significantly different to the river Wye population. However, the Speedwell population had a significantly higher haemolymph magnesium concentration than the Peak cave population. Previous studies have indicated a clear negative relationship between haemolymph magnesium concentration and the level of activity in Crustacea (Morritt and Spicer, 1993) . The apparent lower activity levels of the Speedwell population may be a reflection of the low food availability expected within the cave waters. The small anomalous increase in haemolymph Mg 2+ in the Speedwell population may have arisen due to the physiological adjustments brought about by starvation, although the extent of the starvation periods of the hypogean populations in this study were not known.
Both hypogean and epigean populations of G. pulex were not fed during their 5 day acclimation period prior to experiments. However, despite the 5 day starvation period in all G. pulex populations, ammonium ions were only detected in the haemolymph of the hypogean populations. The presence of ammonium ions in the haemolymph of the hypogean populations may represent the low food availability in the cave waters, leading to the breakdown of proteins within the body as an energy source. The PeakSpeedwell cave waters are characteristic of many cave environments with low food availability (Wood et al., 2002) . Consequently, a longer period of starvation experienced by the hypogean populations may have resulted in these animals utilising some of their proteins for energy production. This would then lead to the presence of ammonium ions in the haemolymph as a waste product of amino acid deamination. The prior period of starvation experienced by the hypogean G. pulex populations, which resulted in the detection of haemolymph ammonium was not known. However, for comparison the hypogean Crustacea N. virei and N. rhenorhodanensis exhibited significant reductions in protein concentration after 30 days of starvation .
In conclusion, disturbances in haemolymph ions (Na + and NH 4 2 ) were observed in both hypogean G. pulex populations compared to the epigean population. The reasons for these differences were unconfirmed, although it was considered that the utilisation of proteins to supply energy in the food limited hypogean environment caused elevated haemolymph ammonium. The subsequent increase in haemolymph volume probably caused the reduction in haemolymph cations.
